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Summary
The Raf-MEK-ERK MAP kinase cascade transmits sig-
nals from activated receptors into the cell to regulate
proliferation and differentiation. The cascade is con-
trolled by the Ras GTPase, which recruits Raf from
the cytosol to the plasma membrane for activation. In
turn, MEK, ERK, and scaffold proteins translocate to
the plasma membrane for activation. Here, we exam-
ine the input-output properties of the Raf-MEK-ERK
MAP kinase module in mammalian cells activated in
different cellular contexts. We show that the MAP ki-
nase module operates as a molecular switch in vivo
but that the input sensitivity of the module is deter-
mined by subcellular location. Signal output from the
module is sensitive to low-level input only when it is
activated at the plasma membrane. This is because
the threshold for activation is low at the plasma mem-
brane, whereas the threshold for activation is high in
the cytosol. Thus, the circuit configuration of the
module at the plasma membrane generates maximal
outputs from low-level analog inputs, allowing cells
to process and respond appropriately to physiologi-
cal stimuli. These results reveal the engineering logic
behind the recruitment of elements of the module
from the cytosol to the membrane for activation.
Results and Discussion
MAP kinase modules are evolutionarily conserved bio-
logical circuits that regulate cellular processes critical
for growth and development (Figure 1). The fundamen-
tal system properties of these modules in mammalian
cells, including whether they process as well as transmit
information, are unknown. In theory, the MAP kinase
module alone is sufficient to generate a switch-like, bi-
stable response [1]. Moreover, transduction pathways
with embedded MAP kinase modules generate bistable
outputs [2–5]. However, the contribution of the MAP ki-
nase module per se to digital output is unclear because
feedback loops within the pathway but external to the
MAP kinase module, for example from Ras to Sos
[6, 7], could contribute to switch-like output. Thus,
whether the isolated MAPK module operates as a bista-
ble switch in vivo remains an unresolved question. It is*Correspondence: j.hancock@imb.uq.edu.aualso undetermined what signaling advantages are
achieved by activating the MAPK module on the
plasma membrane rather than the simpler alternative
of releasing activated Raf to the cytosol to activate a
more abundant pool of MEK and ERK.
To answer these questions, we designed experi-
ments to compare signal output from the isolated
MAPK module activated on the plasma membrane and
in the cytosol. We constructed membrane-targeted
(RafPM) or cytosolic (RafCyt)-activated Raf proteins that
had a range of kinase activities (high activity, 1.0; inter-
mediate activity, 0.3; low activity, 0.03) or were kinase
dead (activity, 0.0) [8–10]. The Raf proteins were tran-
siently expressed at low levels in BHK cells (w2.8-fold
greater than endogenous Raf), and output from the
MAP kinase module was measured as activated, dual-
phosphorylated ppERK. Raf expression levels were
kept low to avoid any potential overexpression arti-
facts. Correct subcellular targeting of RafPM and RafCyt
was confirmed by fluorescent microscopy. Figure 1B
shows that activation of the MAPK module in the cyto-
sol scaled directly with Raf catalytic activity. This result
demonstrates that when activated in the cytosol, the
mutant Raf proteins behave in vivo precisely as pre-
dicted by their in vitro catalytic activity. In striking con-
trast, when activated at the plasma membrane, the
MAP kinase module generated a maximal output re-
sponse, despite the nearly 2-log variation of RafPM ki-
nase input (1 to 0.03). Identical results were obtained
with non-GFP-tagged constructs (data not shown). Sig-
nal amplification is not the result of some kinase-inde-
pendent function of RafPM because catalytically in-
active RafPM (0.0) did not activate ERK at all. Instead,
these results clearly show that the MAP kinase module
processes and amplifies low and intermediate inputs to
generate a maximal response. Interestingly, this amplifi-
cation function is only expressed when the pathway is
activated from the plasma membrane because the
module generates an output (ppERK) that is directly
proportional to RafCyt kinase input when activated in
the cytosol (Figure 1B).
One interpretation of these results is that the MAP
kinase module functions as a switch at the plasma
membrane and as a linear cascade in the cytosol. An
alternative interpretation is that the module functions
as a switch in both locations, but the probability of sig-
nal transmission is high at the plasma membrane and
low in the cytosol: such that a low input at the plasma
membrane activates all cells to generate a maximal re-
sponse, but the same input in the cytoplasm maximally
activates only a subpopulation of cells to generate a
mean graded response. To distinguish between these
possibilities, we assessed MAPK module output in sin-
gle cells by measuring nuclear ppERK levels (Figure
2A). We chose this biologically relevant endpoint for
MAPK module activation both at the plasma membrane
and in the cytosol because irrespective of where MAPK
activation occurs, ppERK must be translocated to the
nucleus to drive cell proliferation and differentiation
[11–14]. The results show that cells expressing RafPM
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870Figure 1. Input Versus Output from the MAP
Kinase Module In Vivo
(A) Circuit configuration of the Raf/MEK/ERK
MAPK module.
(B) GFP-Raf constructs with fixed kinase
activities (high, 1.0; intermediate, 0.3; low,
0.03; KD, kinase dead) targeted either to the
plasma membrane (RafPM) or cytosol (RafCyt)
were ectopically expressed in serum-starved
BHK cells. Raf kinase activity was measured
in a coupled Raf-MEK-ERK kinase assay
(displayed as a bar graph in the upper panel
as mean ± SEM [n = 3]; relative Raf activity is
displayed numerically below the bar graph).
ERK activation was measured by quantita-
tive immunoblotting with antibodies specific
for dual-phosphorylated ERK (ppERK). Con-
trol blots show equivalent Raf expression
(Raf immunoblot) and protein loading (input,
ERK2 immunoblot). Materials and methods
for all experiments are described in the Sup-
plemental Data.RafCyt but remains maximal for all for levels of catalytic the plasma membrane, whereas the module is a switch
Figure 2. Measuring Signal Output from the MAP Kinase Module in Single Cells
(A) Serum-starved BHK cells expressing GFP-tagged RafPM or RafCyt were fixed and immunostained for ppERK with a Cy3-coupled secondary
antibody. Nuclei were DAPI stained. Representative cells expressing GFP-RafCyt (1.0) (indicated by arrowheads) show high or low ppERK
staining. A nontransfected cell (arrowed) has low ppERK staining. Nuclear ppERK level in cells expressing GFP-Raf was quantified by measur-
ing average pixel density within the nucleus on the red channel. The frequency histograms show levels in 25 bins (nR 150 cells per construct).
In all cases, cells cluster into two groups, one with high ppERK levels (blocked in gray) and one with low ppERK levels. Additional images
are shown in Figure S1.
(B) PC12 cells were transfected with GFP-Raf constructs and assessed for differentiation (neurite outgrowth) 3 days later. The upper panels
show typical cells, and the graph shows the mean percentage (±SEM, n = 5) of transfected (GFP positive) cells that differentiate (total cells
counted per construct = 800).or RafCyt can be resolved into two discrete populations a
bcorresponding to an on or off state with respect to ERK
activation (Figure 2A). Strikingly, the fraction of cells c
sthat are activated scales with the catalytic activity ofctivity of RafPM. We conclude the essential difference
etween activating the MAPK module in these two sub-
ellular locations is that the MAP kinase module is a
witch that is sensitive to low input when activated on
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871Figure 3. Localization of the MAPK Module
to the Plasma Membrane Confers Resis-
tance to MEK Inhibitors and Access to Scaf-
folds
(A) Serum-starved BHK cells mock trans-
fected or expressing GFP-RafCyt (1.0) were
left untreated or treated with 10 M UO126
for 60 min. Whole-cell lysates were immu-
noblotted for GFP, ppMEK, ppERK, and
ERK2 (input control); the blots (upper panel)
show that UO126 blocks MEK activation.
ERK activation was then measured in BHK
cells expressing RafPM (1.0) or RafCyt (1.0) and
treated with different concentrations of
UO126. The graph shows the mean ppERK
levels (±SEM, n = 3).
(B) Serum-starved BHK cells were trans-
fected with constitutively activated MEK
(GFP-MEK-DD) or kinase-dead MEK (GFP-
MEK-KD). Whole-cell lysates were immu-
noblotted for GFP, ppMEK, ppERK, and ERK2
(input control).
(C) BHK cells expressing combinations of
HA-KSR, GFP-MEK-DD, and GFP-MEK-KD
were immunostained for HA (left) and visual-
ized for GFP (right). ERK activation by GFP-
MEK-DD drives HA-KSR to the plasma mem-
brane (arrows). HA-KSR membrane recruitment was quantified (bottom) by immunoblotting membrane and cytosolic fractions of the same
cells for MEK1 (GFP blot), ppERK, KSR (HA blot), and ERK2 (input control).that is insensitive to low input when activated in the
cytosol (for further discussion of this point, see the
Supplemental Data available with this article online).
To confirm these conclusions, we used PC12 differ-
entiation as a biological readout that is absolutely de-
pendent on ERK activation [15]. Figure 2B shows that
w75% of PC12 cells expressing RafPM underwent dif-
ferentiation with neurite outgrowth, irrespective of the
level of RafPM kinase activity. In contrast, the fraction
of PC12 cells expressing RafCyt that differentiated was
dependent on RafCyt kinase activity. The tight correla-
tion between the biochemical and biological assays in-
dicates that the digital all-or-nothing response gener-
ated by the MAP kinase module is directly translated
into a biological outcome with no further signal pro-
cessing below the module. This is the first experimental
verification that an isolated MAP kinase module is suffi-
cient to generate a digital biological outcome from an
analog input signal. Interestingly EGF stimulates an ap-
parent graded ERK activation response in single cells
[16]. We can rationalize these data by proposing that
the MAPK cascade operates as a reversible switch
in vivo. A constant input, such as fixed Raf activity,
drives the system into equilibrium with cells either sta-
bly on or stably off. In contrast with transient ligand
stimulation, because MAPK module activation in all
cells is not exactly synchronized, individual cells will be
distributed between those switching on, those in the on
state, and those switching off.
If the MAP kinase module is maximally responsive to
low-input levels at the plasma membrane but not in the
cytosol, this should be reflected in differential sensitiv-
ity of the module to chemical inhibition when activated
in the two locations. To test this prediction, we treated
cells expressing RafPM (1.0) and RafCyt (1.0) with
increasing amounts of the MEK inhibitor UO126, whichin vivo inhibits MEK activation [17] (Figure 3A). Figure
3A shows that ERK activation in the cytosol is highly
sensitive to MEK inhibition, whereas ERK activation at
the plasma membrane is indeed resistant to MEK inhi-
bition.
Next, we investigated how the MAP kinase pathway
might generate a switch-like output. Because feedback
loops can generate bistable biological circuits [18], we
examined whether expression of constitutively active
GFP-MEK1 activates endogenous MEK: an expected
result if the MAPK module is wired with positive feed-
back loops from activated ERK or MEK. However, ec-
topic expression of the active GFP-MEK1, despite
strongly activating endogenous ERK, did not generate
any detectable change in endogenous MEK activation
(Figure 3B). This result suggests there are no direct
feedback loops within the MAP kinase module and
support the hypothesis that the distributive phosphory-
lation of MEK and ERK is sufficient to generate bistabil-
ity [1].
Finally, we determined what plasma membrane-spe-
cific parameters might be critical for sensitivity to low
input. Several factors undoubtedly contribute. First,
membrane recruitment, by concentrating reacting com-
ponents on a 2D surface, increases efficiency of signal
transmission by prolonging the average lifetime of sig-
nal complexes [19]. This effect maybe amplified when,
as for Raf, activation occurs in microdomains of the
plasma membrane (reviewed in [19, 20]). Second, scaf-
fold proteins facilitate signal transmission through the
enforced proximity of individual kinases [21]. In this
context, Figure 3C shows that ERK activation drives re-
cruitment of KSR, a MEK/ERK scaffold [22], to the
plasma membrane. Third, the balance of phosphoryla-
tion and dephosphorylation establishes the threshold
of activation in MAPK circuits [23, 24]. To assess whether
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872the membrane and cytosol environments have different
activation thresholds, we estimated phosphatase activ-
ity in these locations. Interestingly, we found that MEK
dephosphorylation occursw2-fold faster, and ERK de-
phosphorylation occurs w5-fold faster in the cytosol
than in the membrane (Figure 4). This suggests that
phosphatase activity and, hence, activation threshold
is significantly lower at the plasma membrane than in
the cytosol (Figure 4). Thus, we propose that the low-
MEK and -ERK phosphatase activity at the plasma
membrane, combined with the effects of concentrating
signaling complexes on a 2D surface, generates an en-
vironment in which the MAP kinase module is extremely
sensitive to activation.
We have analyzed the input/output properties of the
MAP kinase module to determine the signaling and pro-
cessing capacity of this circuit in vivo. For the first time,
we show that the isolated MAP kinase module is a mo-
lecular switch in mammalian cells. Molecular switches




























Figure 4. MEK and ERK Phosphatase Activity Is Higher in the Cyto-
sol Than on Cell Membranes T
BHK cells expressing RafPM (1.0) were analyzed for phosphatase F
activity as described in the Supplemental Experimental Pro- I
cedures. (A) shows the graphs of ppMEK and ppERK dephosphory- t
lation in the range in which dephosphorylation is linear. Also shown
are the values for the slope of the lines. Using these values, we
Restimate that MEK dephosphorylation occurs twice as quickly in
Rthe cytosol than membrane, and ERK dephosphorylation occurs
Aabout five times as quickly in the cytosol than in the membrane.
P(B) shows the corresponding blots of the membrane and cytosolic
fractions. In this experiment, ERK2 was used as the input control.
Rignal; however, this can occur at the cost of sensitivity
ecause switches naturally filter out low-level inputs
25]. An important finding from our study is that spatial
ocalization determines sensitivity of the MAPK module.
he MAPK module functions as a switch both in the
ytoplasm and at the membrane, but only when acti-
ated at the plasma membrane is the module sensitive
o low input signals. Thus, sensitivity is not an intrinsic
roperty of the MAP kinase module but is imposed
pon the module by cellular localization. In part, this is
ecause the threshold for MAPK activation is signifi-
antly lower at the plasma membrane than in the cyto-
ol. Recruitment and activation of the MAP kinase
odule to the plasma membrane provides the cell with
circuit configuration that is both switch like and sensi-
ive, which allows cells to generate a digital output from
ow-level analog inputs. These two properties may be
rucial for cells to reliably fire in response to stimulation
ith physiological levels of growth factors in vivo. To-
ether, these results reveal the engineering logic un-
erlying membrane recruitment and activation of the
AP kinase module in vivo.
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